Mössbauer spectra of human liver ferritin and some pharmaceutically important iron-dextran complexes as ferritin models were measured at 87 K (frozen solutions) and at both 87 and 295 K (lyophilized forms). The Mössbauer spectra consisted of paramagnetic doublets only. However, the spectral line shapes were not Lorentzian and these Mössbauer spectra were better fitted using a superposition of two or more quadrupole doublets or using a distribution of quadrupole splittings. The differences of the maximal quantity of quadrupole doublets for better fitting of various Mössbauer spectra of ferritin and iron-dextran complexes were compared with the fitting using the distribution of quadrupole splitting for additional analysis. It is possible that variations of the quantity of quadrupole doublets for better fitting of Mössbauer spectra of ferritin and iron-dextran complexes may be related to heterogeneous iron cores in the samples. This heterogeneity is supposed to be different for various samples and changed for lyophilized samples and for frozen solutions as well as for various temperatures.
Introduction
Ferritin is an iron storage protein which consists of a polynuclear hydrous ferric oxide core (average composition (FeOOH) 8 FeO OPO 3 H 2 ) with up to about 4500 iron atoms, surrounded by a multisubunit protein shell (Fig. 1, a) [1, 2] . A core structure was proposed earlier [3] with hexagonal symmetry in which iron atoms are coordinated to oxygen in a flattened octahedral arrangement (Fig. 1, b ). The plane with iron atoms lies between two planes of approximately closed-packed oxygen. The sets of O-Fe-O layers are only weakly bound to each other to form the three-di-0932-0784 / 02 / 0600-0566 $ 06.00 c Verlag der Zeitschrift für Naturforschung, Tübingen www.znaturforsch.com mensional structure. In this model each plane of iron atoms terminates with a phosphate group at the coreprotein interface [1] . Schemes of possible crystallites packing in the core are shown in Fig. 1 , c. However, there is no clear explanation of the structure of the ferritin iron core yet. Iron-dextran complexes (IDC) are pharmaceutically important models of the iron storage protein ferritin. They are used or being developed as drugs for treatment of iron deficiency anemia. IDC consist of the FeOOH core with dextran shell. EX-AFS study of ferritin and iron-dextran showed that the near-neighbor environment around the average iron atom is identical in both samples [4] . However, an electron diffraction study demonstrated that ferritin contained the iron core in a form like mineral ferrihydrite (5Fe 2 O 3 9H 2 O) while the iron-dextran complex contained the iron core in a form like akaganéite ( -FeOOH) [5] . A recent electron diffraction study of ferritin showed that the iron core in the form of mineral ferrihydrite was not unique and some minor phases similar to the iron oxides magnetite, hematite, etc. were found [6] .
Mössbauer spectroscopy was widely used to study of the iron core in ferritin and IDC [7 -28] . The results of these studies showed that ferritins and iron-dextran complexes from various sources demonstrated differences of Mössbauer spectra and parameters related to different core sizes and microstructural variations of the iron cores due to different crystallinity. It is well known that the shape of Mössbauer spectra of various hydrous ferric oxides is non-Lorentzian. Several reviews regarding the Mössbauer study of iron oxides and oxyhydroxides pointed out that the paramagnetic room temperature Mössbauer spectra of these materials were better fitted by using more than one quadrupole doublet or using a distribution of quadrupole splitting [29 -31] . In this work we analyze the paramagnetic Mössbauer spectra of human ferritin and some IDC, using fits with superposition of several quadrupole doublets or with a distribution of quadrupole splitting.
Experimental

Materials
Ferritin in lyophilized form from normal human liver was prepared by a method [32] with three fold recrystallization of the protein. Purified ferritin (more than 95 %) contained about 20 % of bound iron. Electrophoresis of the obtained human liver ferritin in 7.5 % polyacrylamide gel showed three immunochemically identical isomers in zone 2 and -globulins: monomer of 450 kDa, dimer 900 kDa and multimer (more than 2000 kDa) [33] . The same electrophoresis of ferritin in denaturation conditions with sodium dodecil sulphate and further reduction with -mercaptoethanole showed the presence of one polypeptide chain with a molecular weight of 18.7 kDa [34] . To obtain a ferritin solution the lyophilized sample was dissolved in physiological solution and immediately frozen by liquid nitrogen.
The development iron-dextran complex IDC3P was prepared by adding FeCl 3 to a dextran (60000 Da) solution with 18 % H 2 O 2 and heating at 60 C during 1 h. The pH of the solution was changed to 8.0 by adding of Na 2 CO 3 . Then solution was centrifuged and filtrated using Millipore filters (0.8 µm + 0.45 µm + 0.22 µm). The solution was concentrated using membranes PTGC 000 C5 with transmission limit of globular protein with 10000 Da [27, 28] . We also used the industrial pharmaceutical IDC product Imferon (Fisons, UK). Both IDC samples were in solution and in lyophilized form.
Mössbauer Spectroscopy
Mössbauer spectra were measured with the constant acceleration computerized precision spectrometer that was part of a multi-dimension parametric Mössbauer spectrometer SM-2201 [35] . The noise of the velocity signal of the spectrometer was 1.5 10 3 mm/s, the drift of the zero point velocity was 2.6 10 3 mm/s, the nonlinearity of the velocity signal was 0.01%, the harmonic distortion factor was 0.005% for the frequency band in the range of 0 -1120 Hz. The parabolic distortion of the spectra was not larger than 0.1% of the statistical rate which was in the range from 1.1 10 5 to 1.3 10 6 counts per channel. A 2.5 10 9 Bq 57 Co(Cr) source was used at room temperature.
Mössbauer spectra of ferritin, IDC3P and Imferon in lyophilized form and frozen solutions were measured at 87 K, using a liquid nitrogen cryostat. Additionally, Mössbauer spectra of lyophilized samples were measured at room temperature. Sodium nitroprusside was used as standard absorber. Mössbauer spectra of ferritin and IDC were computer fitted with the least squares procedure using Lorentzian line shape. The Mössbauer hyperfine parameters (isomer shift , quadrupole splitting ∆ Q ) were determined. Additionally, all Mössbauer spectra were fitted using the program of the distribution of quadrupole splitting. The values of isomer shift are given relative to -Fe at 295 K.
Results
The Mössbauer spectra of ferritin, IDC3P and Imferon were usual quadrupole split doublets. These spectra indicated the paramagnetic state of iron at both 295 and 87 K. The spectrum of the frozen Imferon solution contained a weak additional quadrupole doublet with high values of and ∆ Q indicating the presence of a small amount of Fe +2 impurity in the sample. As the first step, all Mössbauer spectra were fitted by the least squares procedure using one quadrupole split doublet. The Mössbauer hyperfine parameters are given in Table 1 in comparison with some literature data. However, this fit was not satisfactory due to non-Lorentzian absorption line shapes in the Mössbauer spectra. Therefore we fitted further these spectra with various numbers of quadrupole split doublets and using the distribution of quadrupole splitting for comparison. 
Ferritin
Mössbauer spectra of ferritin in lyophilized form and frozen solution are shown in Figure 2 . These spectra were fitted by a least squares procedure using various numbers of quadrupole split doublets. The physical sense of the Mössbauer parameters was the major criterium for the number of quadrupole doublets used for better fit. The convergence of the calculation pro- cedure was also taken into account. Different maximal numbers of quadrupole doublets were obtained for better approximation of the measured Mössbauer spectra of ferritin. The room temperature Mössbauer spectrum of lyophilized ferritin was best fitted with five quadrupole doublets as a maximal quantity in superposition with the physical sense of the parameters. However, the liquid nitrogen Mössbauer spectra of lyophilized ferritin and ferritin in frozen solution were better fitted with four and three quadrupole doublets, respectively. Mössbauer hyperfine parameters for better fit are given in Table 2 . Another fit of Mössbauer spectra of ferritin was made using distribution of quadrupole splitting for comparison. The distribution curves of quadrupole splitting for these spectra are shown in Figure 3 . The average values of ∆ Q and the values of ∆ Q with maximal probability are given in Table 3 . 
IDC3P
Mössbauer spectra of IDC3P samples are shown in Figure 4 . The best fit of these spectra was made using the superposition of two quadrupole doublets only. However, the intensity and areas of the high and small quadrupole split doublets were different, as clearly seen in Fig. 4 and from Table 2 , where the Mössbauer paramters are collected. Distributions of quadrupole splitting for Mössbauer spectra of IDC3P samples are shown in Figure 5 . The average values of ∆ Q and the values of ∆ Q with maximal probability obtained for IDC3P samples are given in Table 3 .
Imferon
Mössbauer spectra of lyophilized Imferon and Imferon in frozen solution are shown in Figure 6 .
In this case all spectra were better fitted using superposition of three quadrupole doublets. The intensities and areas of corresponding quadrupole doublets were different for Mössbauer spectra of Imferon samples (parameters see in Table 2 ). Distributions of quadrupole splitting for Mössbauer spectra of Imferon samples are shown in Figure 7 . 
Discussion
The results of the fitting of Mössbauer spectra of ferritin and IDC by the least squares procedure showed that various numbers of quadrupole split doublets are needed for better fit. For Mössbauer spectra of IDC3P the maximal quantity of quadrupole doublets was two, while for the Mössbauer spectrum of lyophilized ferritin measured at 295 K the maximal one rose up to five. If each quadrupole doublet may be related to the core regions with microstructural peculiarities, we may conclude that the different quantities of quadrupole doublets resulting from the best fit reflect microstructural variations in each core. The increase of the quadrupole splitting relates to an increase of the electric field gradient at the 57 Fe nuclei that may be the result of the distortion of the symmetry of the iron atom neighbors. In this case the large quadrupole splitting may be related to the high octahedral distortion of the iron-environment in the corresponding core region, while the small quadrupole splitting may be related to the more symmetrical ironenvironment in the core region. The latter region may be considered as a higher crystallinity region.
It was proposed that the IDC3P iron core contained two different regions in solution and lyophilized form as well as at 87 and 295 K, while the Imferon iron core contained three different regions at the same conditions. It should be noted that the area of each quadrupole doublet in the spectra related to the quantity of the 57 Fe nuclei in the corresponding region. Therefore, the differences of areas of doublets 1 and 2 for IDC3P Mössbauer spectra (Fig. 4) and those of doublets 1, 2 and 3 for Imferon Mössbauer spectra (Fig. 6 ) may indicate that the total volume of the corresponding region in each iron core varied with the sample state (lyophilized or solution) and with the temperature of the measurement. On the other hand, the ferritin iron core contained various regions in lyophilized form and solution as well as at 87 and 295 K. The reason of these differences is not clear yet, however it may be the result of some microstructural variations in the core during lyophilization and temperature decrease.
Distributions of quadrupole splitting resulting from additional fitting of Mössbauer spectra of ferritin, IDC3P and Imferon samples demonstrated various types of distribution curves (see Figs. 3, 5 and 7). Some differences of the average values of ∆ Q and the values of ∆ Q with maximal probability obtained for these samples were also found (see Table 3 ). The average values of ∆ Q and ∆ Q obtained from one quadrupole doublet fit (Table 1 ) appeared the same within the errors for several samples. These distributions indicated variations of quadrupole splitting in each sample as a result of continuous heterogeneity of the core structure. There was not any agreement between the results of the better fit using superposition of quadrupole splitting and using distribution of quadrupole splitting except for the Mössbauer spectrum of lyophilized Imferon measured at 87 K (see Figs. 6 b and Fig. 7 b) .
Conclusion
An analysis of the quadrupole splitting and Möss-bauer spectra of human ferritin and some iron-dextran complexes showed heterogeneity of the iron core. We suppose differences of microstructural peculiarities in the iron cores of the studied samples as well as changes of these peculiarities with sample lyophilization and freezing. The better fit of Mössbauer spectra of ferritin, IDC3P and Imferon using a superposition of various number of quadrupole doublets reflects the presence of various regions in the core with microstructural differences of the iron environment. The fit of these Mössbauer spectra with a distribution of quadrupole splitting reflects supposition of continuous heterogeneity of the core. Therefore, further studies of both approaches for better fit of Mössbauer spectra of ferritin and IDC are needed for clarification.
